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The persistent evidence of health impacts of roadway aerosols requires extensive information for urban
planning to avoid putting populations at risk, especially in-ﬁll projects. The required information must
cover both highway aerosol sources as well as transport into residential areas under a variety of roadway
conﬁgurations, trafﬁc conditions, downwind vegetation, and meteorology. Such studies are difﬁcult and
expensive to do, but were easier in the past when there was a robust ﬁne aerosol tracer uniquely tied to
trafﬁc e lead. In this report we propose and test a modern alternative, highway safety ﬂare aerosols.
Roadway safety ﬂares on vehicles in trafﬁc can provide very ﬁne and ultra-ﬁne aerosols of unique
composition that can be detected quantitatively far downwind of roadways due to a lack of upwind
interferences. The collection method uses inexpensive portable aerosol collection hardware and x-ray
analysis protocols. The time required for each transect is typically 1 h. Side by side tests showed precision
at ± 4%. We have evaluated this technique both by aerosol removal in vegetation in a wind tunnel and by
tracking aerosols downwind of freeways as a function of season, highway conﬁguration and vegetation
coverage. The results show that sound walls for at-grade freeways cause freeway pollution to extend
much farther downwind than standard models predict. The elevated or ﬁll section freeway on a berm
projected essentially undiluted roadway aerosols at distances well beyond 325 m, deep into residential
neighborhoods. Canopy vegetation with roughly 70% cover reduced very ﬁne and ultra-ﬁne aerosols by
up to a factor of 2 at distances up to 200 m downwind.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Pollutants emitted fromvehicles have a disproportionate impact
on sensitive receptor populations, such as residences, schools, se-
nior housing, and medical facilities, since roadways are so ubiqui-
tous. This situation is exacerbated when efforts to reduce energy
use favors inﬁll development close to roadways. This makes the
ability to accurately predict pollutant concentrations downwind of
roadways critical in terms of both roadway design and urban and
sub-urban planning.
Clearly, the primary effort must be to reduce toxic emission rates
from vehicles on roadways. Enormous advances have been made in
the past 40 years in reducing particulate pollutants from highwayversity of California, Davis, CA
Ltd. This is an open access article uvehicles, including the elimination of lead from gasoline. Cal-
ifornia's pioneering effort in this regard was driven, however, pri-
marily by the need to remover reactive hydrocarbons and oxides of
nitrogen from exhaust to control ozone. The lead removal was a
necessary requirement for the catalytic converter to operate. Cali-
fornia also controlled sulfur in gasoline to avoid sulfuric acid
emissions from the converter (Courtney et al., 1978). Emissions of
diesel exhaust from trucks also dropped steadily in these decades.
(Gertler et al., 2003; Propper et al., 2015). The stunning success of
these actions resulted in less emphasis on highway impact studies
in the next decade.
In the 1990s, epidemiological studies showed important health
impacts near freeways, even after the elimination of lead. Specif-
ically, there was a signiﬁcant loss of lung function in children living
within 1.6 km of Los Angeles freeways (Peters et al., 1999a,b;
Gauderman et al., 2000). The problem was made more complex
by an increased understanding of vehicular emissions, and espe-
cially the role of very ﬁne (0.25 > Dp > 0.1 mm) and ultra-ﬁnender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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and ultra-ﬁne metals are known to penetrate into the deep lung
and transport into the circulatory system (Lewis et al., 2005; Chen
and Lippmann, 2009; Oberdorster et al., 2007; Lippmann, 2009;
Ostro et al., 2010; EPA, 2015). Trafﬁc is increasingly implicated
(Brugge et al., 2007; Hagler et al., 2009; HEI, 2009; Lin and Peng,
2010; Karner et al., 2010; WHO, 2013), with copper and iron
implicated in hydroxyl radical formation in lung ﬂuid (Charrier
et al., 2014; Charrier and Anastasio, 2015). Recent publications
have identiﬁed very ﬁne and ultra-ﬁne transition metals, including
iron and copper, as a major component of “wear” aerosols from
brake debris (Cahill et al., 2014; Grigoratos and Martini, 2015).
These very ﬁne and ultra-ﬁne “wear” aerosols are tied to a very
sharp (~25%) increase in ischemic heart disease death rates in
Bakersﬁeld, CA (Cahill et al., 2011).
A recent European survey noted that mass derived from “wear”
aerosols from brakes, roadway resuspensions, etc. was approaching
and would soon pass exhaust aerosols near roadways, with un-
certain health impacts (Denier Van der Gon et al., 2013). Their
consensus statement concludes, “In light of the continuous increase
of the relative contribution of non-exhaust emission to ambient
PM, where it is becoming the dominant emission process for urban
transport, it is more than timely to devote greater efforts to prop-
erly quantifying non-exhaust emissions and assessing health
relevance.”
A key factor in assessing health relevance of highway pollution
is establishment of transport phenomena from roadways into re-
ceptor populations, largely by downwind transect studies. The
primary method used to establish transects of downwind impacts
of roadways is use of highway pollutants themselves. This was
especially easy when one had very ﬁne lead uniquely associated
with automobiles, and especially the unique form PbBrCl, with few
interfering species. The largest study of this kind was part of the
California effort in 1972 to assess the impact of lead in Los Angeles
(Cahill and Feeney, 1973). While at-grade freeways without ob-
structions were in excellent agreement with predictions from lead
emission rates and line source downwind dispersion, dramatic
order of magnitude differences were seen as a function of freeway
conﬁguration (Feeney et al., 1975). Speciﬁcally, elevated or ﬁll
section freeways on a berm had 10 times the lead at 160 m
downwind than the at-grade freeways. At 100 m downwind, the
24 h lead level in a residential area was 10 mg/m3, 4 times the
admittedly inadequate California standard of the time and 67 times
the current US EPA standard of 0.15 mg/m3. This problem was
resolved in California by removal of lead from gasoline, required so
as to not poison the catalytic converter.
Now with a new appreciation of health impacts from roadways,
both from diesel exhaust and very ﬁne and ultra-ﬁne metals, the
need for transects again becomes urgent, both to aid urban plan-
ners who might inadvertently put downwind populations at risk
and also to better understand the existing health impact data.
However, the very success of prior efforts at tailpipe emissions has
made measurement of such transects more difﬁcult. The competi-
tion between the highway pollutant and the regional or upwind
background limits natural tracers to freeway species that dominate
the local environment. An additional criterion is that the pollutant
must be a robust measure of the trafﬁc ﬂow to allow extension of
the results to other sites. Finally, priority should be given to those
pollutants that have the highest chance of deleterious impact,
especially to health.
In response to the health concerns and lack of data, new studies
of freeway impacts have been initiated in the past 15 years. Two
studies especially relevant to the health data were done in Los
Angeles, ﬁrst for the automobile-dominated I-405 (Zhu et al.,
2002a) and the second on the heavily truck traveled I-710freeway (Zhu et al., 2002b). I-710 connects the ports of Los Angeles
and Long Beach to the intermodal truck-rail facilities near San
Bernardino, and thus has very heavy truck trafﬁc. In 2002, that
averaged an average trafﬁc ﬂow of around 216,000 v/day with
roughly 25% trucks, more than ½ with 5 axels or more (CalTrans,
2015). Further, the Zhu et al. studies occurred in the typical ma-
rine inversion of the Los Angeles basin, similar to that in the 1972
lead studies and the Peters et al., 1999b children's health data. This
team used natural tracers from highway emissions, black carbon
(diesel dominated), particle numbers, and carbon monoxide, up-
wind and downwind of the freeways (Fig. 1). There is a good to
excellent correlation between black carbon, particle number, and
carbon monoxide, all of which have important upwind concen-
trations. The pattern from the I-710 freewaywas also very similar to
that seen in Zhu et al., 2002a for the I-405 freeway.
The Zhu et al. data can be compared to one of the earlier lead
transects from freeways in Los Angeles, 1972. (Cahill and Feeney,
1973; Feeney et al., 1975). Eighty individual 2 h transects were
made near Los Angeles freeways, each with size resolved aerosol
samples (Lundgren, 1967). These were placed both upwind and
downwind of freeways in a variety of freeway conﬁgurations,
meteorological conditions, and times of day. Each of the roughly
2400 samples was analyzed for typically 35 elements sodium to
lead by particle induced x-ray emission (PIXE). (Johansson et al.,
1970; Cahill, 1980). While the focus was on lead, an extremely
useful element was bromine, since lead was emitted as PbBrCl from
the tailpipe due to the admixture of ethyl additives (Habibi, 1973).
This allowed isolation of freeway lead from other industrial sources
in the Los Angeles basin. These data include an at-grade freeway,
and thus are relevant to the Zhu et al. data. In Fig. 1, the 1972 at-
grade freeway lead data (Cahill and Feeney, 1973) are plotted with
the Zhu et al., 2002b I-710 data, normalizing to the edge-of-freeway
maximum. The accord between two very different data sets taken
30 years apart is comforting, and both sets of data are in reasonable
agreement with the CA ARB Emfac2007 model of roadway impacts.
(ARB, 2007).
Some important items to note about these transects. First, the
health data in children (Peters et al., 1999a,b) extend much farther
out from freeways, to 1.6 km, than the at-grade data and models
support. Also, the downwind fall off shows no sign of particle
removal by coagulation, which was common when both gasoline
and diesel fuel contained high levels of sulfur. Finally, it shows that
CO as a diffusion limited system can be used as a surrogate for ultra-
ﬁne particles in the absence of confounding particle removal factors
like vegetation.
However, there are limitations to the applicability of these and
most other transect studies. First, the studies such as Zhu et al.,
2002a,b are difﬁcult and expensive, requiring a large study team,
site security, access to power for the collection instrumentation,
and other considerations. These factors have limited the number of
freeway transects in the literature. Economics also can limit the
collected species. Very ﬁne and ultra-ﬁne transition metal “wear”
aerosols are rarely measured. It is also notable that there are
important concentrations of these species upwind of the freeway,
indicating an urban ultra-ﬁne particle background that must be
measured and subtracted from the freeway data.
The alternative proposed and tested in this study is to emit an
artiﬁcial ultra-ﬁne aerosol tracer that has little or no background
concentrations from a vehicle on the highway. This makes detec-
tion easy and inexpensive, and if the pollutant is ultra-ﬁne, allows
studies of mitigation by removal onto vegetation.
2. Experimental methods
In increasing complexity of roadway transects in the era of ultra-
Fig. 1. Highway transect of Zhu et al., 2002b with added data from Cahill and Feeney, 1973 for lead.
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addressed by using a very ﬁne to ultra-ﬁne aerosol tracer emitted
by test vehicles on the highway. These requirements were met by
standard highway safety ﬂares as a potential source of the aerosols.
Flares generally consist of a mixture of strontium and potassium
nitrates, potassium perchlorate, ﬁnely powdered magnesium,
aluminum and sulfur in a charcoal and a sawdust matrix. We used
Orion™ Model #3152 15 min Emergency Flares. The ﬂare weighs
0.17 kg and burns for 15 ± 1 min. The major aerosol component
heavier than sodium is potassium, but strontium is the secondmost
abundant aerosol at 70% of potassium. Others components are
chlorine, 50% of potassium, followed by sulfur, 35%, silicon 20%,
magnesium 12%, phosphorus 3%, and smaller tracers (Fujii et al.,
2008). Many of these elements are easily measured by x-ray ﬂuo-
rescence techniques, and in their ensemble, are nothing like back-
ground aerosols in size and composition. The strontium provides
the characteristic red color. The size and composition of the ﬂares
was tested in the UC Davis Engineering 60 m wind tunnel using a
DELTA Group 8 DRUM impactor with 8 size modes (Raabe et al.,
1988).
The velocities chosen are high enough so removal onto vege-
tation by very ﬁne and ultra-ﬁne particles is minimal. Almost all
aerosol mass was smaller than 0.5 mm aerodynamic diameter.
Strontium was chosen as the key tracer element since there is very
little strontium in soil (375 ppm) and relatively little soil below
2.5 mm. A typical size distribution of diesel mass is shown for
comparison. (Zielinska et al., 2003).
In order to evaluate whether ﬂare aerosols were suitable for
studies of mitigation by vegetation, removal studies were done on
the 20 m wind tunnel of the College of Engineering, UC Davis.
(Roney and White, 2006). A 2 m by 1 m section of the tunnel was
loosely packed by several types of vegetation (redwood, deodar,
and live oak) at about 10 times what would occur in nature. Flare
aerosols were run through the vegetation at various wind speeds,
and aerosol mass and composition were measured before and after
the vegetation. Both mass and S-XRF data were used to quantify
particle capture. The tunnel was run at wind velocities of 0.5, 1.0,
2.0, 3.0, and 4.0 m/s for each type of vegetation. Finally, the vege-
tation was weighed and the leaf area estimated by an LSAI 2000
plant surface area analyzer (Smolander and Stenberg, 1996).
Fig. 7 shows the result, with low wind speeds being highly
effective in removing these aerosols as it allows diffusion to leaf and
needle surfaces. (Fujii et al., 2008). These data also explain why thedata at 2, 3, and 4 m/sec in Fig. 2 are almost identical.3. Evaluation in ﬁeld studies
For the freeway evaluations, the preferred method of aerosol
tracer emission was a set of 4 ﬂares, 15 min each, sequentially
ignited in a steel housing open to the air but invisible to neigh-
boring vehicles in the back of an open pick-up truck imbedded in
trafﬁc. The aim was to provide a line source so that the farthest
downwind sampler would have the same source access as the
nearest sampler, taking into account the lateral variability of the
wind. If freeway access on ramps made the line source much larger
than required, the number of ﬂares was increased to provide the
roughly same source strength.
The initial ﬁeld evaluation was made in Detroit as part of the
ongoing US EPA NEXUS study. (NEXUS, 2013; Vette et al., 2013;
Baldauf et al., 2013; McGee et al., 2015). Lessons were learned
showing the importance of paired off ramps that were close enough
so that the test truck does not spend an inordinate amount of time
away from the designed upwind line source. Since DRUM samplers
(Raabe et al., 1988), were already in use, they were used to measure
the very ﬁne strontium.
For the Sacramento tests, (Cahill et al., 2013), we selected sites
downwind of Interstate 5 south of the Highway 50 (W-X) freeway.
The current study covered but a small subset of the potential
conditions encountered near freeways. None of the freeway sec-
tions had heavy braking during the transects. In one site where no
convenient freeway on ramp was available, a rolling cart with the
ﬂares was walked back and forth for an hour along a bikeway just
upwind of the freeway.3.1. Aerosol collection
Since the size distribution was very ﬁne to ultra-ﬁne, simple
battery powered PM2.5 Stacked Filter Units, SFUs (Cahill et al., 1977),
were used to collect the samples. An inlet was set at roughly 10 mm,
and the pre ﬁlter collected particles a between 10 and 2.5 mm. The
25 mm stretched Teﬂon after ﬁlter collected all particles <2.5 mm,
validated by comparisons to standard dichotomous samplers
(Cahill et al., 1990). Sampling ﬂow was 10 l/min and sampling du-
rations were 1 h to match the freeway emissions, yielding an areal
density of 3.2 cm2/m3. While we had these SFU samplers available,
a better choice would have been a 1.0 mm cut point cyclone at a
Fig. 2. Size distribution of aerosols as a function of wind velocity after passing through 2 m of loosely packed redwood branches.
Fig. 3. Removal of ﬂare aerosol mass by 2 m of redwood branches.
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ﬁne soil be an additional factor of 3 and allowed for less sensitive
analytical methods.
3.2. Aerosol analysis
The analyses were performed at the Advanced Light Source,
Lawrence Berkeley National Laboratory, on the UC Davis modiﬁed
polarized x-ray milli-probe on Beam Line 10.3.1. Minimum
detectable limit was around 2 ng/cm2 and S-XRF protocols have
been repeatedly validated, most recently in Science Magazine
(Jenniskens et al., 2012). Each ﬁlter was scanned edge to edgewith a
0.5 mm 2 mm beam spot to check for depositional anomalies and
establish blank values. The residual strontium was subtracted to
give net ﬂare strontiumvalues, which were typically on the order of
20e35 ng/cm2 for a single highway ﬂare and a 1 h run duration.
3.3. Quality assurance
Two independent methods were used to establish the accuracy
and precision of the aerosol collection and analysis. The total pre-
cision was conﬁrmed through the use of paired SFU samplers at a
downwind site, normally the 60 m site. The ﬁve side by side tests,with separate inverters and pumps, yielded a mean precision of
±4% in the ambient aerosol strontium. Since there was no detect-
able enhancement of sulfur at the immediately downwind site,
accuracy and precision were also conﬁrmed by the values for
regional sulfur (ammonium sulfate) aerosols, showing a precision
of ±9% over all SFU samplers during the entire study.
4. Meteorology
The meteorology conditions during the studies are shown for
summer and fall, 2011, and winter, 2012 (see Table 1).
The summer meteorology was dominated by the strong south-
west and west winds each afternoon, while fall and winter winds
were more variable and generally more from the northwest.
5. Results
5.1. At-grade freeway conﬁgurations
The initial tests were done with at-grade freeways since there
was so much earlier data and experience and theory are in good
agreement. Data from the present studies and earlier at-grade
studies relevant to the project are shown below in Table 2.
Table 1
Weather during the transects,. The shaded areas are the dates used for each site.
T avg Rh avg Precip v avg v max Dir Visibility Site
August 2011
17 76 55 0 4 30 sww 10
18 77 53 0 5 16 sw 10 35th Ave.
19 70 62 0 9 15 sw 10
22 74 59 0 8 25 sw 10
23 77 55 0 2 10 west 10 10th Ave, 13th Ave.
24 80 45 0 4 20 sw 10
Nov 2011
12 56 76 0.01 4 12 nnw 5 fog, rain
13 57 71 0 3 14 nnw 9 10th Ave, 13th Ave.
14 57 75 0 4 12 wsw 9
Jan 2012
15 46 68 0 7 25 ssw 10
16 40 50 0 3 17 nw 10 10th Ave, 35th Ave.
17 38 58 0 1 6 sse 10
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allowed downwind transport of freeway aerosols on the prevailing
winds. The northern site, 10th Avenue, was downwind of an at-
grade freeway, with a modest screen of trees at the freeway, a
1.5 m berm and a 4 m sound wall, and a clear downwind fetch
without canopy vegetation.
This site was paired with site to the south at 13th Avenue, which
was also an at-grade freeway, had a similar modest tree barrier and
4 m sound wall, but transported aerosols into a 70% cover tree
canopy. The aim was to evaluate the role of canopy vegetation in
reducing ultra-ﬁne aerosols, building on similar work in North
Carolina (Baldauf et al., 2013). Both sites are shown below in Fig. 8.
Since the near upwind site had too much freeway inﬂuence, a
background site was set up across the Sacramento River for the
November tests (see Fig. 4).
The tests were run in summer, fall, and winter, but the winter
tests did not extend into the persistent and strong surfaced based
inversions that result in the highest regional PM2.5 mass every
winter (Cahill et al., 2014).
The results for the 10th Avenue tests are shown below in Fig. 5.
Turning to the other member of this pair, the 13th Avenue
proﬁle, much the same downwind pattern is seen, but with lower
concentrations. The very ﬁne and ultra-ﬁne concentrations in
summer, when the ~70% tree canopy was intact, are only about 50%
of what were seen at 10th Avenue at 60m, 82%, at 120m, and 50% at
210 m. This is consistent with vegetation impact of the BaldaufTable 2
Summary of relevant transect studies for at-grade freeway conﬁgurations. Vegetation bar
Avenue. Data from other relevant studies are also included. The current studies using ar
Freeway conﬁguration Vegetation Vegetation Seaso
Barrier þ sound wall Downwind canopy Summ
At-grade* Yes No Yes
At-grade Yes Yes Yes
Barrier þ sound wall Downwind canopy Summ
At-grade No No Yes
At-grade No No Yes
At-grade, braking No No Sprin
At-grade No Noet al., 2013 work (see Fig. 6).
However, the gross mismatches of the downwind transect data
as compared to the at-grade data and modeling needs resolution.
Even in winter, there are far more aerosols present at 210 m
downwind than the models and data from at-grade freeways pre-
dict. Clearly, this shows that freeways with sound walls have far
more downwind impact than existing models like Emfac2007
predict.
Resolution of this problem is aided by the extensive freeways
transect data done in 1972 when lead was a conserved very ﬁne
freeway tracer. There was one set of tests for an at-grade freeway,
but in addition two sets for elevated or ﬁll section freeways on solid
berms (Fig. 7), and three sets for depressed freeways below grade
(Fig. 13). To establish a quantitative connection between on road
emissions and downwind values, a “sliding box model”was used as
a well-tested way to measure roadway emissions when one has
access to both upwind and downwind information on pollutants, a
ﬂat terrain, and a lateral wind across the roadway (Cahill and
Feeney, 1973). The dimensions of the box are set by the roadway
width, including lateral turbulence, and the top of the mixed zone,
set by truck vehicle height and velocity. The latter is the greatest
uncertainty, but extensive data on the height of the mixed zone
were taken in Los Angles in 1973 and the value, 3.5 m, was used in
several studies. The length of the box is arbitrary, and we used
1.6 km. The box so deﬁned represents a volume into which pol-
lutants are uniformly mixed by vehicular turbulence. The lateralriers were ~30% opaque at 10th and 13th Ave. A low 1.5 m bermwas present at 10th
tiﬁcial ﬂare aerosols are highlighted in bold type.
n Tracer used Transect site
er Fall Winter 2013
Yes Yes Flare aerosols 10th Ave
Yes Flare aerosols 13th Ave
er Fall Winter 1972
Lead I-405
2002
Yes Roadway aerosols Zhu et al. I-710
2007
g Yes Roadway aerosols Watt Ave
2010
Yes Flare and Roadway aerosols NEXUS I-96
Fig. 4. Location of the 10th and 13th Avenue transects downwind of I-5 in Sacramento.
Fig. 5. Transport of very ﬁne and ultra-ﬁne ﬂare tracer aerosols downwind of I-5 on 10th Avenue as a function of season. The plot also includes the line source diffusion modeling
results that matched the lead (Cahill and Feeney, 1973) and ﬁne aerosol and CO results (Zhu et al., 2002b) at at-grade freeways.
T.A. Cahill et al. / Atmospheric Environment 136 (2016) 31e4236wind causes the virtual box to slide across the freeway while ve-
hicles are emitting into the box. A newbox takes its place upwind in
a smooth transition and the process repeats.
Since accurate trafﬁc data and meteorology were available and
emissions of automotive lead were precisely known from the
literature, (Habibi, 1973), the sliding box model gave a roadway
edge prediction at the at-grade freeway section of 4.0 ± 0.4 mg/m3
for 5000 vehicles/hr, winds > 5 km/h. The data at the at-grade site
based on highway emission data (Habibi, 1972) were in excellent
agreement with the model, 4.0 ± 0.6 mg/m3 without any need for
scaling. The results are shown in Table 3.
The sliding box model was also successfully applied in General
Motors test facility studies of sulfur from catalytic converters.
(Courtney et al., 1978).
The 1972 results from the ﬁll section established that freeway
pollution was transported downwind into residential areas farmore than at-grademodels and data predict, with important health
impacts. The results were so at odds with the at-grade data that we
returned to sample again, and at farther differences downwind,
conﬁrming and extending the earlier work.
Data were modeled using and elevated line source diffusion
model with various stability classes (Cahill and Feeney, 1973,
Fig. 62). Based upon qualitative observations of the meteorology,
Pasquill stability class C (slightly unstable) was used as the
preferred class, but model runs were done from Class A (unstable)
to Class F (very stable). Modest reductions in concentration were
made for particle settling based on a 1.0 mm size since our mea-
surements showed 80% of all lead was below 5.0 mm aerodynamic
diameter.
Fig. 8 shows the results for the selected Class C, Class B (more
unstable) and Class D (neutral stability). The more stable classes E
and F (not shown) propagated the freeway aerosols even farther
Fig. 6. Results for the 13th Avenue transects.
Fig. 7. Fill section on the San Diego Freeway (current I-405).
Table 3
Lead levels in mg/m3 normalized to 5000 v/h, for wind velocities >5 km/h. Prior nomenclature was I-405 (San Diego), I-10 (Santa Monica), and I-110 (Harbor) freeways.* Data
were taken on a pedestrian bridge over the middle of the freeway (Fig. 13).
Freeway sites On freeway Right of way fence Downwind # 1 Downwind # 2
Freeway conﬁguration Distance to median 30 m 40 m 100 m 160 m
At-grade theory 4.0 ± 0.4 mg/m3 3.1 mg/m3 1.4 mg/m3 0.41 mg/m3
At-grade data I e 405 4.0 ± 0.6 mg/m3 3.4 ± 0.6 mg/m3 1.4 ± 0.2 mg/m3 0.35 ± 0.06 mg/m3
Fill sections data I e 405 at 137th St. (2) 4.8 ± 1.2 mg/m3 2.3 ± 0.6 mg/m3 3.1 ± 0.8 mg/m3 3.5 ± 0.9 mg/m3
Cut sections data Ie10 at 4th, (2) I-110 at 146th 4.7 ± 0.6* mg/m3 1.3 ± 0.2 mg/m3 0.3 ± 0.06 mg/m3
T.A. Cahill et al. / Atmospheric Environment 136 (2016) 31e42 37from the freeway with only modest dilution. The data from Table 3
include average of all runs with wind velocities >5 km/h and up-
wind directions normal to the freeway, to ±45. The semi-
quantitative agreement with theory and experiment supported
the observational data and conﬁrmed that ﬁll section freeways have
major impact far downwind. At the 100 m site downwind of the ﬁll
section freeway in a residential neighborhood, the measured 24 h
lead level for particles below 5 mmwas 10 mg/m3 ± 2.5 mg/m3. The
current US EPA standard is 0.15 mg/m3, quarterly average.
Note than as wind velocities drop to an average 1.6 km/h, themodel predicts the edge of freeway value at 25 mg/m3 of lead/5000
v/hr, close to the observed 30 mg/m3 of lead/5000 v/hr observed in
these conditions at two sites.
The ﬁll section lead data seen in 1972 are added to the 10th
Avenue data in Fig. 9.
The good agreement between the 1972 ﬁll section data with the
2013 data shows that the combination of the sound wall and/or the
weak (~30%) vegetation screen has turned the at-grade section into
an equivalent ﬁll section freeway, with serious implications
downwind.
Fig. 8. Line source diffusion modeling of 1972 ﬁll section lead data. Distances are from the freeway median, and data from Table 3 shown by stars.
Fig. 9. Transport of ﬂare tracer aerosols downwind of I-5 on 10th Avenue as a function of season, with a ﬁt the lead seen at the ﬁll section freeway site in 1973.
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6.1. Raised or ﬁll section freeways
The ﬁnal site used for these evaluations was 35th Avenue
downwind of I-5 south of Sacramento. This was a complex site,
with a large and opaque screen of redwood trees at the edge of a
freeway on a 15 m berm above 35th Avenue (Fig. 11). This site was
chosen partly to repeat the measurements done in the 1972 Los
Angeles lead study on raised freeways. There was almost no tree
canopy downwind. Convenient freeway off ramps allowed an efﬁ-
cient use of the pickup source truck in freely ﬂowing trafﬁc.
Below we include both the current I e 5 transects and others
non-at-grade roadways relevant to the study (see Table 4 and
Fig. 12).
The results for the ﬁll section freeway in the Los Angeles lead
study are also shown, as well as at at-grade freeway proﬁles. While
the results conﬁrm and extend the Los Angeles ﬁll section results,
the implications are unfortunate. The ﬁll section freeway with a
strong redwood screen results in reductions in roadway aerosols
out to about 200 m, but beyond that point, roadway pollutants are
pushed deeply into downwind residential neighborhoods far from
the freeway with little dilution. There is the possibility that theredwood screen may have actually enhanced the downwind
transport, acting like a massive sound wall. At the wind velocities
seen during this study, diffusion onto vegetation would not be a
factor, unlike during the winter inversion conditions.
At 160 m downwind, the at-grade theory, at-grade data, and
Emfac2007 all predict pollution levels circa 10% of the near free-
ways values. However, the ﬁll section gives 87%, of the near freeway
values, and the levels were still rising farther downwind.
The proﬁle has been recently better explained by improved
models (Baldauf et al., 2013) that showing a gyre behind the berm
over which the freeway air passes with little dilution (Fig. 13).
The result of these early experiments showed that impact
studies of roadways must include all highway conﬁgurations,
greatly increasing the number of transects required. This result was
neglected in the assumption that by removing lead from gasoline
would also remove freeway health impacts. That assumption is no
longer tenable, and the need for many more transects drives our
attempt to develop better methods are needed to achieve this goal.
Onemeteorological condition that was not encountered in these
tests was the typical winter inversions common in the California
Central valley. Models show that in this case on roadway pollutants
reach their maximum values, and it is in these conditions with low
wind velocities that diffusion of ultra-ﬁne pollutants onto
Fig. 10. Location of the 35th Avenue transect downwind of I-5 in Sacramento. The wind in the summer test was from the southwest, while the winter winds were from the
northwest (marked).
Fig. 11. Redwood barrier east (and west, not shown) of Interstate 5 at 35th Avenue.
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7. Results
7.1. Depressed or cut section freeways
While we had no cut section freeways in the current study, we
include such data from the 1972 tests for completeness sake
(Fig. 14, I-10). It, too, illustrates the dramatic order of magnitude of
impacts of freeway conﬁguration seen in Table 3. The cut section
freeway was 5 times cleaner than the at-grade freeway at 100 m. As
in the case of the ﬁll section freeway, the results so differed from
our expectations and that of other agencies (US EPA, 1972) that we
returned to the Santa Monica freeway cut section we used before
and made additional measurements.Speciﬁcally, we placed a fast rotating 5 stage Lundgren impactor
(Lundgren, 1967) directly next to the south trafﬁc lane and placed a
sampler at the middle of the pedestrian overcrossing. The pattern
of optical absorption at the freeway showed a regular pattern of
7e11 min duration in which the optical absorption (soot) showed
cleaner air being drawn down in to the freeway. When these data
were combined with the low values at both freeway ROW fences
and the elevated values directly above the freeway median, we
proposed that the waste heat of the vehicles, partially trapped in
this cut section, were warming the air. Using trafﬁc and gasoline
mileage, we predicted 1.0 C/minute in the sliding box mixed zone.
Thus, in 7e11 min, the on freeway air had become warm enough to
rise, drawing clean air in from the edges and thus sparing houses
direct adjacent to the freeway. A similar effect was seen in theWatt
Avenue transects Spring data (Cahill et al., 2014), and supported by
Table 4
Summary of relevant transect studies for ﬁll and depressed freeways. The vegetation barriers was ~100% at 35th Avenue (Fig.10).* A vegetation barrier was also present at I-10.1
Fig. 12. Results of the 35th Avenue ﬁll section freeway, summer and winter.
Fig. 13. Models of downwind dispersion from raised or ﬁll section roadways. Top, the model used in Cahill and Feeney, 1973, the bottom the Baldauf et al., 2013 model.
T.A. Cahill et al. / Atmospheric Environment 136 (2016) 31e4240measured temperature proﬁles on and across the heavily traveled
roadway.
There was also a strong screen of trees at the lip of thedepression, which may also have helped screen local residences
from freeway impacts. We must note that the LA measurements
were made in the typical summer marine inversion common in Los
Fig. 14. Conﬁguration and sampler placement at the Santa Monica freeway (current I-10) cut section.
T.A. Cahill et al. / Atmospheric Environment 136 (2016) 31e42 41Angles, with cool wind from the west. It should be tested in other
metrological regimes as it provides a potential method to mitigate
freeway impacts.
8. Conclusions
We present a new way to accomplish such transects accurately
and inexpensively. We present and evaluate a method of tracking
aerosol penetration downwind of roadway using artiﬁcial very ﬁne
and ultra-ﬁne aerosol tracer from emergency road ﬂares emitted
from vehicles on the highways. The unique size and composition of
ﬂare aerosols allows for inexpensive, portable aerosol collection
samplers and easy to analyze Teﬂon ﬁlters. Each measurement
takes only 1 h, and can be repeated in as little as 30 min to reload
ﬁlters. The method is strictly quantitative, shown by the accuracy
and precision ±4% of the side by side ﬁeld tests, and is capable of
establishing impacts far downwind. Another option, as was done in
the NEXUS study in Detroit, is using continuous collection of
aerosols by rotating drum samplers, with collection onto the 0.26 to
0.09 mmDRUM size mode. The fast time response allows each study
to follow diurnal patterns in trafﬁc and meteorology. Since the very
ﬁne and ultra-ﬁne particles are similar to the size of both “wear”
and diesel aerosols, we have shown that they can mimic removal
onto vegetation, a major potential means of mitigation. Thus, while
the primary purpose of this work was to examine the utility of
artiﬁcial ultra-ﬁne tracer aerosols for highway transect studies
under realistic conditions, the results also highlighted the need for
a much more complete set of freeway transect studies including
various freeway conﬁgurations, trafﬁc conditions, downwind
vegetation, and meteorology in order to predict health impacts
from roadways.
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